Ixodiphagus hookeri (Hymenoptera: Encyrtidae) is a parasitoid wasp specialized in parasitizing the larvae and nymphs of ticks (Acari: Ixodidae). As parasitized ticks die prior to reproduction, I. hookeri is seen as a prime biological control agent candidate. Despite this, little is known of their occurrence or ecology in northern Europe. The main aim of the current study was to determine whether adult wasps or parasitized ticks can be found from a tick-infested island in southwestern Finland, using field collections and molecular methods. Following the initial discovery of an adult I. hookeri female on Seili Island, we set out to collect further specimens via sweep netting and Malaise trappings between May and October 2017. Furthermore, 1310 Ixodes ricinus (1220 nymphs, 90 adults) collected from the island during 2012-2014 were screened for I. hookeri DNA using qPCR. Whereas no further wasp specimens could be collected via sweep netting or Malaise trappings, I. hookeri DNA was consistently detected in I. ricinus nymphs (annual minimum infection rates in 2012, 2013, and 2014: 2.3, 0.4, and 0.5%, respectively), whereas all adult samples were negative. Although the annually repeated detections of parasitized ticks suggest that the wasp inhabits the island, further field and molecular surveys are needed to more comprehensively determine the status and stability of the population.
Introduction
Ticks (Acari: Ixodidae) and tick-borne diseases, particularly Lyme borreliosis and tickborne encephalitis (TBE), have become a growing problem in Europe and Russia in the twenty first century. In northern Eurasia, the two main vectors for the causative agents of these diseases are Ixodes ricinus (castor bean tick) and Ixodes persulcatus (taiga tick). In Fennoscandia-the region encompassing Finland, Norway, Sweden and regions of Russia in the Kola Peninsula and Karelia-the geographical distribution of I. ricinus has shifted northwards in recent decades (Jore et al. 2011; Jaenson et al. 2012; Hvidsten et al. 2014; Laaksonen et al. 2017 ). In addition, their abundance seems to be increasing, particularly in the more southern parts of this region (Jaenson et al. 2012; Sormunen et al. 2016b ). Likewise, I. persulcatus has recently been found across Estonia and Finland, and in 2016 the species was reported for the first time from Sweden as well (Geller et al. 2012; Jaenson et al. 2016; Laaksonen et al. 2017) .
In Finland, changes in the geographical range and abundance of ticks are also reflected in cases of tick-borne diseases: the annual numbers of microbiologically confirmed cases of Lyme borreliosis have been increasing since the mid 1990s ). This has sparked public concern regarding the safety of outdoor activities, and consequently highlighted the need for developing novel control methods against the growing tick populations. Indeed, whereas several chemical pesticides and acaricides are already available, they have previously been shown to either have limited effectiveness in controlling ticks (regarding for example their lethality or duration of function) or to cause severe risk also to other, non-target organisms, limiting their wide-scale application (Stafford III 2004) . Likewise, landscape management and reduction of tick host densities are effective methods for small-scale control, but not suited for covering large areas (Stafford III 2004) . As such, control methods with wide applicability and little impact on the environment (apart from the target organism) are still sought after. Biological control is seen as one pathway towards this goal, with various species of nematodes, entomopathogenic fungi and parasitoids being assessed for control potential regarding ticks (Goolsby et al. 2015; Hartelt et al. 2008; Perinotto et al. 2012; Santos et al. 2017; Singh et al. 2018) . However, only a few of these studies have focused on I. ricinus.
Biological control is the control of a pest by (the introduction of) a natural enemy. In this regard, the most effective and serviceable candidates are usually specialist species focusing on specific species/genera/families. The Encyrtidae is a species-rich family of small-sized parasitoid/hyperparasitoid wasps. It has been widely used in biological control of several important pest species. Ixodiphagus hookeri is an encyrtid wasp that specializes in parasitizing a wide range of hard tick species across the globe Knipling and Steelman 2000; Takasu and Nakamura 2008; Plantard et al. 2012; Ramos et al. 2015) . In Europe, they parasitize both larvae and nymphs of I. ricinus, with nymphs appearing to be the preferred targets (Takasu and Nakamura 2008; Collatz et al. 2011; Tijsse-Klasen et al. 2011; Plantard et al. 2012; Ramos et al. 2015) . Following oviposition, wasp eggs hatch into larvae that begin feeding on the tick only after it has finished its blood meal in the nymph stage, leading to the death of the tick prior to its development to an adult . Due to their specificity and lethality, Ixodiphagus have long been a target of interest regarding the biological control of ticks (Larrousse et al. 1928; Mwangi et al. 1994; Knipling and Steelman 2000) . However, few studies have been conducted regarding the biology, distribution, phenology, and/or parasitization rates of I. hookeri in Europe (Collatz et al. 2011; Tijsse-Klasen et al. 2011; Plantard et al. 2012; Ramos et al. 2015) . From Fennoscandia, no such studies have been published. Therefore, in order to assess the potential of the species for tick control here at the northernmost limits of I. ricinus and I. persulcatus distribution, more data regarding their occurrence and biology are needed.
In southwestern Finland, the abundance of I. ricinus has dramatically increased in the twenty first century (Mäkinen et al. 2003; Sormunen et al. 2016a, b; Sormunen 2018) . Although Ixodiphagus had never been reported from southwestern Finland prior to this study, it seemed logical that the presence of increasing numbers of suitable hosts should benefit any local Ixodiphagus populations, or even help in the establishment of novel populations in the area. Consequently, we set out to find Ixodiphagus specimens from Malaise trap samples collected in 2010-2016 from Seili, a rural island located in the Archipelago Sea in southwestern Finland, where studies had shown a dramatic increase in tick abundance over the past few decades (Sormunen et al. 2016a, b; Sormunen 2018) (Fig. 1 ). During these screenings, a single adult wasp was found from a sample collected in 2013.
In the current study, we describe the initial finding of I. hookeri from Seili Island, forming the second overall record of the species from Finland. Furthermore, we use various field survey and laboratory methods to assess the occurrence and abundance of the wasp, and whether parasitization of I. ricinus nymphs or adults occurs on the island.
Materials and methods

Detection of Ixodiphagus hookeri from Seili Island
The initial detection of I. hookeri on the island was made in 2016 from a Malaise trap sample collected from a grove of common hazel (Corylus avellana) on Seili Island in 2013 ( Fig. 1) . A single adult wasp was found and morphologically identified as a female I. hookeri based on the guidelines provided by Quaraishi (1958) (Fig. 2) . These Malaise samples originated from an annually held terrestrial arthropod field course organized by the University of Turku Department of Biology and Biodiversity Unit. Malaise traps are annually set up for 1-3 weeks in July-August during the course. This particular trap had been active from July 22 to August 1, 2013. Several other Malaise samples collected during field courses in 2010-2016 were also screened, but no further I. hookeri were detected.
Field surveys
Following the discovery of the species on the island, field surveys were planned and carried out to procure further specimens from Seili during May-October 2017. Two Malaise traps (Marris House Net model) were set up, one at the locality of the initial wasp detection, the grove of common hazel (local I. ricinus density 13.2-88.9 nymphs/100 m 2 in 2012-2017), and the other in a patch of coniferous forest (I. ricinus density 8.6-30.4 nymphs/100 m 2 ) ( Fig. 1 ). Malaise trapping was carried out from May to October, encompassing roughly the whole activity period of I. ricinus in Finland. The traps were emptied every other week during this period.
In addition, sweep netting was performed in the immediate vicinity of 15 fixed 50-m tick study transects on the island (Sormunen et al. 2016a) (Fig. 1 ). All these transects have been found to harbor ticks in previous samplings, with annual nymph densities ranging from 0.4 to 88.9 nymphs/100 m 2 (assessment of tick densities described in Sormunen et al. 2016a ). These transects are also the source of the samples used for laboratory analyses of tick parasitization rates (see below). Sweep netting was conducted adjacent to (= within 1-2 m of) each transect between 10 am and 4 pm, once every 3 weeks, covering the whole length of the tick study transect. Small wasps were collected from the insect net with a suction sampler. Sweep netting was chosen for active sampling due to it being one of the most commonly used methods for collecting chalcidoid wasps (Noyes 1982) .
All collected field samples were screened for I. hookeri during May-December 2017 at the Turku University Zoological Museum (ZMUT) using stereo microscopes (Olympus SZX10 and SZX16). Layer photos were taken in ZMUT using an Olympus SZX16 stereo microscope attached to a Canon EOS 7D mark II camera. The reference sample is deposited to ZMUT. Initial screening was carried out using real-time quantitative PCR (henceforth abbreviated qPCR), using SensiFAST™ Probe Lo-ROX Kit (Bioline, Germany). All DNA samples were analyzed in three replicate reactions carried out on 384-well plates. At least three blank water samples were used as negative controls in each assay. Samples were considered positive only when successful amplification was detected in all three replicate reactions.
For qPCR, primers Iphag583f 5′-TTG CTG TTC CAA CAG GAG TAAA-3′ and Iphag820r 5′-CAA AAA ATT GCA AAA ACT GC-3′, and dual-labeled probe Iphag612 s FAM-AGA TGA TAA GCT TCA ATA AAT GGA A-BHQ1, targeting Ixodiphagus COI, were used. These primers and probe had previously been successfully used to detect I. hookeri DNA from host seeking I. ricinus (Bohacsova et al. 2016) . Assays were carried out in 8 μl reaction volume, including 4 μl SensiFAST Probe Lo-ROX Kit, 400 nM forward primer, 400 nM reverse primer, 200 nM probe, 0.2 μl ddH 2 O, and 3 μl DNA sample. Thermal cycling profile was 95 °C for 5 min, followed by 50 cycles of 95 °C for 10 s and 60 °C for 30 s.
Samples found positive by qPCR were amplified, and subsequently Sangersequenced, using conventional PCR primers Ihookcox1F 5′-TTA GAT GAT TAG CTT CAA TAA ATG GAAT-3´ and Ihookcox1R 5′-CCA AAA ATT GCA AAA ACT GCT CCT AT-3′ targeting Ixodiphagus COI (Ramos et al. 2015) . PCR was carried out in 15 μl reaction volume containing 5 μl of DNA extract, 1.3 μl ddH 2 O, 7.5 μl MyTaq Red-Mix polymerase mix (product number BIO-25048, Bioline, England), 400 nM forward primer, and 400 nM reverse primer. Water samples were used as blank controls in each PCR batch. Thermal cycling was performed with the following program: 95 °C for 3 min, then 40 cycles of 95 °C for 15 s, 54 °C for 30 s, and 72 °C for 1 min. Successful PCR products were purified by mixing 1 μl EXO I enzyme, 1 μl rSAP enzyme, and 8 μl of PCR product, after which the samples were first incubated 5 min at 37 °C and then heated 10 min at 80 °C. Purified samples were sent to Macrogen Europe (The Netherlands) for sequencing.
Results
A total of 75 sweep netting samples (3.75 km of sweep netting) and 24 Malaise samples (21 weeks of trapping) collected during May-October 2017 were screened for the presence of I. hookeri. Neither of the field survey methods produced further specimens.
Laboratory screening revealed I. hookeri DNA in 14 nymph samples, with annual minimum infection rates (MIR) of 2.3, 0.4, and 0.5% in 2012, 2013, and 2014, respectively. All adult samples were negative. A majority (11/14) of positive samples came from within, or close proximity of (< 100 m), the grove of common hazel from which the adult I. hookeri specimen was obtained in 2013 (Fig. 1) . The rate of I. ricinus nymphs infected by I. hookeri was higher in the vicinity of the hazel grove than expected by random co-occurrence (5.6 expected, 11 observed; Chi Square, p = 0.012, n = 819), and lower than expected in other areas (7.4 expected, 3 observed; Chi Square, p = 0.012, n = 819).
Out of the 14 positive samples, 11 were successfully sequenced and confirmed as I. hookeri. The sequences displayed a 100% match to an I. hookeri sample obtained from a wasp that had emerged from a parasitized I. ricinus in France (GenBank accession: JQ315225.1) (Plantard et al. 2012) . For the remaining three samples, poor quality of the sequence data prevented identification. A representative sequence has been deposited on GenBank under accession number MN243784.
Discussion
The discovery of the chalcidoid tick parasitoid I. hookeri on the island of Seili forms the second published record of the species from Finland, with the only previous detection being from Lohja in southern Finland in 1950 (Koponen and Vikberg 2015) . The Seili specimen was found from a Malaise trap sample collected from a hazel grove between July 22 and August 1, 2013. The discovery of the wasp in late summer is in line with observations from Germany, where adult wasps were reportedly only found during 3-5 weeks in late summer/early autumn (Collatz et al. 2011) . It was suggested by Collatz et al. (2011) that wasp occurrence in late summer is probably a consequence of synchronization with tick feeding activity. In 2013, nymph activity in the tick study transect adjacent to the Malaise trap that produced the wasp sample (D1 in Fig. 1 ) peaked in July, and the overall peak of nymph activity on the island was observed in August-September. These observations concur with the notion of late season parasite-host activity synchronization (Collatz et al. 2011) .
Overall, highly varying rates of I. hookeri parasitization in host-seeking I. ricinus nymphs have been reported from Europe (22% in France, 7.2% in Italy, 2-4% in Germany, 9.6% in the Netherlands) (Collatz et al. 2011; Tijsse-Klasen et al. 2011; Plantard et al. 2012; Ramos et al. 2015) . Whereas the rates of parasitization observed here were low (even considering minimum infection rates usually provide underestimates), higher rates in, for example, France and the Netherlands suggest that Ixodiphagus may have tangible impact on tick populations. In regard to the low parasitization rates observed in the current study, major increases in tick abundance in the study area appear to have occurred relatively recently (Sormunen et al. 2016b; Sormunen 2018) . Consequently, it is possible that the wasp population has not had sufficient time to respond to higher tick numbers, as a time lag may exist between increases in host/prey and specialist enemy populations (Snyder and Ives 2003) .
Ixodiphagus spp. are most often detected from tick nymphs, but parasitization also occurs in the larval stage Knipling and Steelman 2000; Collatz et al. 2011) . Additionally, studies concerning host finding by I. hookeri have suggested that odors from tick host animals are the main attractants for the wasps, and that the majority of parasitization of ticks consequently occurs on the hosts (Demas et al. 2000; Collatz et al. 2010) . Therefore, as the development of deposited I. hookeri eggs commences only after the nymphal blood meal, parasitized host-seeking nymphs collected from vegetation likely consist mostly of individuals parasitized as either questing, feeding, or engorged larvae (Collatz et al. 2011) . As such, the overall parasitization rate of I. ricinus nymphs, and therefore also the impact of parasitization on the whole tick population, may be much higher than displayed in analysis of only host-seeking nymphs. Consequently, screening of tick larvae (both questing and engorged) and engorged nymphs should also be conducted for a more thorough assessment of parasitism.
Whatever the actual rate of parasitization on the island, local tick abundance has been increasing since 2012 (Sormunen 2018) . However, in contrast, parasitization rates of host-seeking nymphs decreased in 2013-2014 compared to 2012. Although the exact reasons for this remain undetermined, these observations could potentially be due to nymphs, as the preferred targets of parasitization, being more numerous in nature in later years. More nymphs being parasitized could reduce the number of larvae (as secondary targets) being parasitized (Takasu and Nakamura 2008; Collatz et al. 2011) . As nymph parasitization is thought to happen to a large degree on tick host animals (Demas et al. 2000; Collatz et al. 2010) , increases in their parasitization might not be detected by screening host-seeking individuals.
Based on the molecular evidence in this study, the parasitization of nymphs on the island seems to be focused around the grove of common hazel, with 11/14 infected nymph samples being from the vicinity. Interestingly, the prior discovery of an adult I. hookeri from Finland was also from a hazel grove, suggesting particular suitability of the habitat for I. ricinus and/or I. hookeri population upkeep. Indeed, at least the hazel grove in Seili forms a very distinct biotope compared with the rest of the island. As the canopy height of common hazel is lower than that of other typical trees on the island and the extent of canopy coverage also higher, the grove may offer small mammals, the preferred hosts of juvenile I. ricinus, increased protection from avian predators. Furthermore, they provide hazelnuts as food for rodents. Both these factors may contribute to increased rodent density in the area. Unfortunately, the exact host animal composition and density in the grove has not been determined, so its deviance from other habitats in this regard cannot be ascertained. The extensive canopy coverage and high amounts of leaf litter in the grove also offer suitable shelters and a shady-and consequently cooler and more humid-environment for ticks and wasps, increasing their survival and chances for questing. However, whether parasitization happens more commonly in the hazel grove due to higher local tick or wasp abundance because of these aforementioned phenomena, or some completely different factor making the area more suitable for the wasp, remains to be determined. Further surveys on the study site Seili will be aimed at late season field sampling of I. hookeri and the observing of parasitization patterns by molecular analysis of tick samples from more recent years. Hopefully more data will help determine whether the island indeed has an established I. hookeri population, or whether the parasitization observed on the island is due to sporadic invasions, for example due to parasitized ticks being transported to the island by migrating birds during their long (3-8 days) blood meals. Overall, knowledge of the distribution and abundance of I. hookeri in Finland is needed to assess whether the Finnish wasp population is decreasing or increasing, and, consequently, whether the maximum impact they can naturally have on the rapidly increasing Finnish tick populations has been reached.
